Background: Gene-poor, degenerate Y chromosomes have evolved repeatedly from ordinary autosomes, but little is known about the processes that silence most genes on an evolving Y. Results: Here, I quantify relative expression levels of 58 gene pairs on the recently formed neo-sex chromosomes of Drosophila miranda, in order to test competing models of gene inactivation on its newly evolving Y chromosome (the neo-Y). Although the neo-Y of D. miranda still contains the majority of its original genes, most exhibit an accelerated rate of protein evolution, and many contain frameshift or nonsense mutations. All but three of these genes show significantly different levels of expression from the neo-X and neo-Y chromosome, with w80% of all genes being expressed at lower levels from the neo-Y. The downregulation of many genes on the neo-Y appears to occur randomly, regardless of the level of accumulation of amino acid substitutions or whether the gene produces a functional protein. In addition, adjacent genes show considerable heterogeneity in levels of gene expression, an observation that argues against chromatin-structure-mediated changes in gene expression levels. Conclusions: My results suggest that transcriptional inactivation of degenerating Y linked genes is an accidental by-product of mutation accumulation, and not driven by selection to either maintain expression at functional loci or downregulate maladapted genes from the neo-Y. Thus, most mutations observed on the neo-Y are likely to have deleterious effects on fitness and accumulate as a result of the reduced efficiency of natural selection on a nonrecombining chromosome, rather than neutrally or adaptively.
Introduction
Morphologically and genetically distinct X and Y chromosomes have evolved independently many times in both animals and plants [1] . Sex chromosomes have evolved from a pair of ordinary autosomes, with the morphological differentiation between the sex chromosomes being a by-product of the degeneration of the male-limited Y chromosome [2] . Y chromosome degeneration is thought to result from the reduced efficiency of natural selection expected on a nonrecombining genome [3, 4] . Ancient Y chromosomes-like those of humans or D. melanogaster-are characterized by a lack of functional genes and often contain an abundance of repetitive DNA [5, 6] . However, relatively little is known about the evolutionary dynamics of the transition of an ordinary, gene-rich autosome into a degenerate, and for the most part transcriptional inactive, Y chromosome.
The neo-Y chromosome of D. miranda, which was formed only w1 million years ago [7] , is a model system for studying the process of Y chromosome degeneration [8, 9] . Although this neo-Y chromosome still contains most of its original genes [10] , it displays various forms of degeneration. Parts of the neo-Y chromosome fail to polytenize in salivary-gland cells, suggesting that this chromosome is already partly heterochromatic [11] . In addition, DNA sequence analyses have revealed numerous changes on this degenerating neo-Y chromosome, including an accumulation of transposable elements (TEs), frameshift and nonsense mutations in about onethird of the genes, an accelerated rate of protein evolution, and an accumulation of mutations in 5 0 -and 3 0 -flanking regions of genes [8-10, 12, 13] . The functional consequences of these mutational changes to neo-Y genes, however, are unclear. Previous studies have argued that many of these mutations are probably deleterious, and their accumulation on the neo-Y reflects the inefficiency of natural selection as a result of the lack of recombination on this chromosome [7, 10, 13] . However, these inferences have yet to be corroborated by an analysis of relative levels of gene expression on the neo-X versus the neo-Y. In particular, it will be of great interest to establish whether mutations on the neo-Y tend to occur in genes that are no longer transcribed (implying that these changes are neutral) or whether they accumulate in genes that are still expressed (suggesting that these mutations are deleterious). In addition, whether a gene is expressed on the neo-Y or not may itself depend on the level of adaptation of this gene: Natural selection may prevent the transcriptional inactivation of welladapted genes (i.e., genes containing no or few deleterious mutations) and promote the downregulation of those producing faulty proteins and pseudogenes (i.e., genes that are maladapted or nonfunctional) [4, 13, 14] . Figure 1 shows a schematic representation of a D. miranda neo-Y linked region, which will typically carry multiple TE insertions, and about one-third of all genes will contain either frameshift or nonsense mutations (see [10] ). There are three different models of how these mutations on the neo-Y are expected to relate to levels of gene expression [4, 9, 10, 14, 15] . In the first modelthe directed inactivation or DI model-only well-adapted, functional genes are transcribed from the neo-Y, and maladapted or nonfunctional genes are expressed at a lower level ( Figure 1A ). Natural selection might either actively downregulate maladapted genes from the neo-Y or prevent the inactivation of well-adapted ones [10, 14] . Under the DI model, we expect genes that contain many amino acid substitutions or nonsense and frameshift mutations to be expressed at a lower level than functional genes. If maladapted genes are silenced from the neo-Y, this also implies that many of the observed amino acid changes and nonsense or frameshift mutations might have occurred only after the gene was already inactive and thus accumulate in a neutral manner [4] .
Under a second model-the random inactivation or RI model-genes are randomly inactivated, regardless of their level of adaptation ( Figure 1B ). Changes in promoter regions and/or TE insertions may indiscriminately inactivate neo-Y linked genes, independently of whether they carry nonsense and frameshift mutations or not [4, 10, 15] . Under the RI model, inactivation is a passive by-product of mutation accumulation on the neo-Y and not a direct target of selection. If genes are silenced randomly, many of the observed amino acid changes and nonsense and frameshift mutations occur in genes that are still transcribed from the neo-Y, and thus probably have deleterious effects on fitness [7, 10] .
A third model-the large-scale inactivation or LSI model-posits that large segments of the neo-Y are downregulated simultaneously, as a result of changes in chromatin structure [9, 10] . For example, TE insertions may cause the neo-Y chromosome to become heterochromatic, which could result in the downregulation of several adjacent genes simultaneously [8, 10, 16] . If entire regions are silenced simultaneously, these regions will degenerate neutrally and large heterogeneity in levels of degeneration among regions is expected. Here, I quantitatively determine relative levels of gene expression of 58 neo-sex-linked genes in D. miranda, in order to establish the relationship between mutation accumulation and the level of gene expression on the neo-Y.
Results and Discussion
Random Inactivation of Neo-Y Genes A total of 58 genes were analyzed for allelic expression of the neo-X and neo-Y copy in males. Of the 58 genes investigated, 22 genes are clearly nonfunctional on the neo-Y (i.e., they contain nonsense and/or frameshift mutations; see [10] ). In contrast, all of the 58 genes studied from the neo-X can be translated into functional proteins. Of the remaining 36 potentially functional genes on the neo-Y, I have complete coding-sequence information for ten genes and partial coding-sequence information for 26 genes. Figure 2 shows average relative expression levels from the neo-X and neo-Y chromosome for each gene investigated. Surprisingly, only three genes show equal expression from both neo-sex chromosomes; all other genes have evolved significant differences in levels of gene expression between the neo-X and neo-Y copy. Two of these three genes are potentially functional on the neo-Y (gcl and eve), whereas RpIII128 contains a nonsense and a frameshift mutation [10] . Of the remaining genes, 47 are expressed significantly less from the neo-Y chromosome (18 of which are nonfunctional; see Figure 2 ). The remaining eight genes are expressed significantly more from the neo-Y compared to the neo-X, and three of these genes contain frameshift mutations (Cyp6t3, CG16728, and CG13437; see Figure 2 ). Thus, the fraction of nonfunctional genes is about one-third regardless of levels of expression. About 80% of genes show neo-X biased expression, and 15% show neo-Y biased expression, independently of the functionality of the neo-Y sequence (Table 1 ; c 2 = 0.03; p > 0.9). Genes accumulate null mutations irrespectively of whether a gene is expressed, implying that many mutations observed on the neo-Y have deleterious effects on fitness. Figure 3 shows the average level of relative gene expression for nonfunctional, potentially functional (genes with partial coding sequence [CDS]), and functional genes (with complete CDS). Although there is a slight trend for nonfunctional genes on the neo-Y to be expressed at lower levels on average, this is not statistically significant (Wilcoxon test, p > 0.1). In addition, there is no detectable effect of the rate of protein evolution on expression levels of neo-Y linked genes. Neither the rate of amino acid substitutions (K a ) nor the rate of amino acid versus synonymous substitutions (K a /K s ) on the neo-Y branch correlates with relative expression levels (r = 20.021, p > 0.8 and r = 0.006, p > 0.9; see Figure 4) . Thus, genes that are nonfunctional or maladapted on the neo-Y do not show reduced levels of gene expression, as predicted by the DI model. These data argue against a role of selection in modifying expression levels of non-or malfunctional genes on the neo-Y chromosome. Instead, inactivation appears to be a random by-product of mutation accumulation on the neo-Yas predicted by the RI model-independently of the level of adaptation of genes.
Adjacent Genes Show Heterogeneous Expression Patterns
The spatial pattern of gene expression changes distinguishes the LSI model from the two gene-by-gene inactivation models (the DI and RI model). Under the LSI model, entire chromosomal regions are inactivated simultaneously, as a result of changes in chromatin structure. The largest contiguous fragment analyzed to date from the neo-sex chromosomes of D. miranda is a 40 kb region [8] . The neo-Y fragment contains four TE insertions, and three of the seven genes contain frameshift mutations ( Figure 5) . If an accumulation of TE insertions would modify chromatin structure of the neo-Y, one might expect that all genes in this region to be downregulated similarly (or at least in the same direction). However, the amount of relative gene expression is highly heterogeneous among the six genes analyzed in this region ( Figure 5 ). Three genes show significantly more expression from the neo-Y chromosome (exu1, CG13437, and CG11136), whereas the other three genes are expressed significantly less (CG30152, CG9025, and CG16799). This finding provides no evidence for the simultaneous inactivation of entire chromosomal regions (as predicted by the LSI model), despite the abundance of TE insertions in the particular region analyzed. The effect of TE insertions on gene expression may be more local, and, notably, two genes that have a TE inserted into an intron (CG9025 and CG16799) both show very little expression from the neo-Y ( Figure 5 ). It will be of great interest to study patterns of gene expression at additional large contiguous genomic regions in order to investigate whether some regions with an unusually high density of TEs are in fact downregulated simultaneously and to examine the effect of TE insertions on expression levels of individual genes. Genes with Sex-Biased Expression Certain functional classes of genes might be more prone to degeneration and inactivation on the neo-Y than others. Because the neo-Y chromosome of D. miranda is passed through males only, there should be no selective pressure to maintain female-specific genes on this chromosome. Male-biased genes, in contrast, should be conserved on the neo-Y or might actually evolve novel expression patterns. A recent gene expression study in D. melanogaster used a 2-fold difference in expression or larger as a cut-off and found that 29% of all genes investigated were expressed differentially in testes versus ovaries [17] . Eighteen percent of all genes show higher expression in testes, and 11% are expressed more in ovaries. In my data set, there are only 14 genes that were identified as exhibiting sex-biased expression in D. melanogaster; nine genes with ovary-biased expression, and five genes with testis-biased expression (see Figure 2 ). Although testis-biased genes show higher levels of gene expression from the neo-Y on average compared to ovary-and nonbiased genes, this difference among classes is not statistically significant (results not shown). All five genes with testis-biased expression are potentially functional, and two of them are expressed at a higher level from the neo-Y chromosome (exu1 and rib). In contrast, three of the nine ovarybiased genes have frameshift mutations, and none of them are expressed more from the neo-Y. Although the small number of genes with sex-biased expression in my data set prevents a more detailed analysis, these observations support the general idea that genes with male-biased expression may be more constrained on the neo-Y chromosome than female-biased genes.
Dosage Compensation of Neo-X Genes?
One important caveat to the above analysis is that I have ignored the possibility that the neo-X copy of a gene has evolved dosage compensation [18, 19] . In Drosophila, dosage compensation is achieved by doubling the transcription rate of the X chromosome in males [20] . Chromatin-immunostaining experiments have demonstrated that some regions of the neo-X of D. miranda already recruit the protein complex necessary for dosage compensation [18, 19] , suggesting that some genes on the neo-X are already dosage compensated in males (i.e., the neo-X copy of the gene is transcribed at twice the rate). Thus, by measuring relative transcript abundance of neo-sex-linked genes in males, I might infer that a gene is downregulated from the neo-Y, but in fact it is upregulated on the neo-X. If a gene were dosage compensated on the neo-X but still fully transcribed at its original level from the neo-Y, the amount of transcript produced would be 66.7% of the neo-X copy and 33.3% of the neo-Y allele. If one Functional genes have no frameshift or nonsense mutations in their entire coding region, potentially functional genes have no such mutations in the coding fragment studied (i.e., only part of the coding sequence was studied), and nonfunctional genes have at least one frameshift or nonsense mutation. Error bars give 95% confidence intervals. Figure 4 . Rate of Protein Evolution (K a /K s ) on the Neo-Y Branch versus Levels of Gene Expression K a and K s for the neo-Y branch were estimated by using the PAML software package [22] . Potentially functional genes are shown in blue, and genes with frameshift or nonsense mutations on the neo-Y are shown in gray.
conservatively assumes that all genes are fully dosage compensated on the neo-X, this would imply that genes are about equally likely to become up-or downregulated on the degenerating neo-Y chromosome of D. miranda (i.e., 31 versus 25 genes, see Figure 2 ). However, expression patterns still support the RI model: Whether a gene is up-or downregulated would be independent of whether a gene has a functional copy on the neo-Y chromosome and independent of the rate of amino acid evolution (see Table S1 in the Supplemental Data available online). More likely, however, less than half of the genes are dosage compensated on the neo-X in D. miranda [18, 19] , supporting the conclusion that most genes are in fact downregulated from the neo-Y. It will be of great interest to determine which genes on the neo-X are dosage compensated, in order to directly relate levels of molecular degeneration and gene expression of neo-Y linked genes to the evolution of dosage compensation.
Conclusions
Three different models have been proposed to relate changes to DNA sequences on an evolving Y chromosome to transcriptional silencing of Y linked genes [4, 9, 10, 14, 15] . Using the recently formed neo-sex chromosomes of D. miranda, I find clear evidence for the random inactivation model; genes are downregulated on the neo-Y chromosome independently of their level of adaptation or whether the gene produces a functional protein. This observation has two important implications. First, many genes are expressed at a nonoptimal level in males; most neo-sex genes are expressed too little, whereas some nonfunctional genes are in fact upregulated and might interfere with well-adapted proteins produced from the neo-X copy. Second, expression of genes containing amino acid, nonsense, and frameshift mutations implies that these mutations did not accumulate neutrally in inactive genes, but instead were likely to have had deleterious effects on fitness. Both the nonoptimal expression of genes from the neo-Y and the accumulation of deleterious mutations can be best explained by the reduced efficiency of natural selection on a nonrecombining chromosome [3, 4, 15] .
Experimental Procedures
Genes Surveyed and Design of Pyrosequencing Assays A total of 58 genes pairs (from [10] ) were analyzed for allelic expression of the neo-X and neo-Y copies. Pyrosequencing assays to measure relative transcript abundance of homologous neo-X and neo-Y linked genes only require a single-nucleotide difference between the alleles [21] . PCR and pyrosequencing primers annealing to conserved sequences were designed with the Pyrosequencing Assay Design software. All PCR and pyrosequencing primers are available from the author on request.
Extraction of Nucleic Acids and Preparation of cDNA
To correct for any biases associated with allelic amplification (sequence differences between alleles can cause unequal amplification of the neo-sex-specific alleles), I extracted RNA and DNA simultaneously from the same sample of individuals. For each pool of male flies, DNA and RNA were extracted separately from a single homogenate by using a modified protocol of the SV Total RNA Isolation System (Promega). The homogenate was passed over a column that retained DNA; the flow-through (containing RNA and protein) was passed over a second column that bound the RNA. RNA samples were treated twice with DNase: once during extraction and once immediately before cDNA synthesis. Each homogenate was split into four subpools, and RNA was then reverse transcribed into cDNA by using a poly(T) primer and standard protocols. I used four pools of male third-instar larvae and four pools of male 3-5-day-old adults (15 individuals per pool) from the D. miranda strain MSH22 (collected from Mount Saint Helena).
Pyrosequencing Assays
Pyrosequencing reactions were performed according to the manufacturer's instructions (www.pyrosequencing.com) to measure the relative abundance of the neo-X and neo-Y alleles in genomic DNA and cDNA samples in male flies. PCR primers in conserved regions were used to amplify the allele diagnostic site, with 50 ml PCR reactions. The PCR mix contained w10 ng genomic DNA or cDNA, 0.25 mM dNTPs, 0.28 mM biotinylated primer, 0.32 mM nonbiotinylated primer, and 1 U TAQ polymerase. The PCR profile was initial denaturation for 5 min at 95 C followed by 45 cycles of 95 C for 15 s, T annealing (between 55 C and 65 C) for 30 s, and 72 C for 15 s, followed by a final extension at 72 C for 5 min. I performed two independent PCR reactions from genomic DNA from each homogenate, and one PCR reaction per cDNA subpool (i.e., six PCR reactions per homogenate), resulting in a total of 48 pyrosequecing reactions per gene analyzed.
Statistical Analyses
Pyrosequencing produces pyrograms with peak heights directly proportional to the quantity of incorporated nucleotide. Male genomic DNA has equal amounts of the neo-X and neo-Y alleles, and any deviation from a 50:50 ratio will indicate allele-specific biases in the PCR and/or pyrosequencing reaction. Following [21] , the genomic DNA ratio was used to normalize the cDNA ratios. Replicate pools and adult and larval pools were analyzed with an analysis of variance. No significant heterogeneity was detected between replicate pools; thus, data from all pools were included in the analysis. Thirty-three genes show a significant difference in their relative level of expression between developmental stages. The maximum stagespecific difference shows the (potentially functional) gene Ih (18.7% difference between larvae and adults). Only one gene (gcl) changed significantly in its direction of expression between stages (with significantly more expression on the neo-Y in larvae and less in adults). However, the average expression difference between developmental stages is only 5.5%, and stages were therefore pooled for the analysis. None of my conclusions change if larvae and adults are analyzed separately (results not shown). Two-tailed t tests were used to identify whether neo-X and neo-Y alleles showed identical expression levels in male D. miranda (H 0 : neo-X/neo-Y = 1). To estimate rates of synonymous and nonsynonymous mutations (K s and K a ) on the neo-Y branch, I used the PAML software package [22] , which accounts for unequal transition and transversion rates and unequal base and codon frequencies. For estimating neo-Y branch-specific rates of K s and K a , the neo-X sequence and the D. pseudoobscura homolog were used as an outgroup.
Supplemental Data
Supplemental Data include one table and are available with this article online at: http://www.current-biology.com/cgi/content/full/ 16/17/1694/DC1/.
